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Abstract 
PV hybrid systems play a more and more important role in rural electrification. A systematic overview on available 
topologies with performance analyses information will be given. The work is based on the IEA PVPS task11 and 
shows the strength of different topologies. Different types of hybrid systems show good behavior if it fits to the type 
of application. This can help decision makers to select the best system.  
MPPT charge controllers play a central role in such PV hybrid systems. Up to now there is no standard which is 
applicable to DC battery charging MPP-trackers even though the complexity of such products is similar to grid 
connected PV-inverters. This paper contains the results of the TESCABI project which is part of the EU DERri 
initiative (www.der-ri.net). Test procedures have been defined and a market representative performance test of 9 
different products is presented. Advises for manufacturers and customers will be given according to the results. 
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1. PV Hybrid Systems 
PV Hybrid Systems play a more and more dominating role in PV rural electrification. Due to the PV 
module price reduction the average system size is rising. More and more sites can be electrified 
economically by PV Hybrid Systems. Therefore it is essential to use a suitable topology which is perfectly 
adapted to the need of the specific site. Different power sizes request different topologies. Each topology 
has its advantages and disadvantages. Four different topologies can be grouped according to there best 
performance in terms of performance and efficiency. The maximum output power shall be the criterion. 
Below 0,5kW output power so called DC Solar Home Systems dominate. Between 0,5kW and 4kW pure 
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standalone inverter systems show the best performance. From 4kW up to 20kW DC-coupled single phase 
hybrid systems show best performance. Between 20kW and 50kW output power AC-coupled 3 phase 
systems should be used. 
Due to the battery storage and costs energy efficiency is crucial in all off-grid applications. All possible 
actions to reduce the load demand and increase the components efficiency have to realized in order to 
built a sustainable and cost efficient system. 
 
1.1. DC Solar Home Systems 
DC Solar Homer Systems consist of a 12V battery in the range of 20Ah up to 500Ah, a central charge 
controller, solar modules and DC appliances. Most appliances use DC and the highest energy efficiency 
can be achieved by using 12V DC as direct supply source. Figure 1 shows the schematic of a typical DC 
Solar Home System. All kind of necessary loads are available as pure 12V DC loads. This is LED and 
CFL lights, DC solar fridges, DC TV, DC Radio and 12V mobile phone charging devices.  
Customers can profit from the cost efficiency DC topology in a wide range of output power up to about 
500W. Especially automatic night light systems can be realized in a very efficiency way with this 
topology. 
 
 
Fig. 1. Typical DC Solar Home System 
1.2. Standalone inverter systems 
Once the maximum output power exceeds 0,5kW typically standalone inverters will be used in order to 
reduce the currents at the load side. Figure 2 shows the typical layout of an inverter system. Normally 
24V batteries will be applied. The battery capacity has to be defined according to the overall system 
energy consumption and can be between 100Ah and 1000Ah. DC loads can be connected directly to the 
load output of the charge controller. This shall be used especially to supply LED and CFL lights. The 
inverter(s) have to be connected directly to the battery and will supply any further AC load. Depending on 
the system size several inverters can be connected in parallel. Single inverters typically supply between 
0,5-2 kW. Most of the manufacturers offer a parallelizing option to increase the output power. This allows 
to reduce the logistic and transportation costs. Simply one type of inverter (like e.g. 1kW) can be ordered 
and stocked in high qty without knowing the exact power demand of the customers. Depending on the 
requested output power several of those inverters will be installed in parallel. In case of a failure of one 
inverter, the others can supply the system during the repair- and replacement process. This leads to high 
flexibility. 
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Fig. 2. Typical standalone inverter system 
1.3.  DC coupled Hybrid Systems 
If the output power increases above about 4kW it is recommended to use 48V battery to reduce the 
currents on the DC-side. Figure 3 shows a typical layout of a high efficient DC-hybrid system. The output 
power can be between 4kW and 20kW normally as single phase. Bidrectional inverters are used which 
can normally also be installed in parallel to increase the output power according to the needs. In order to 
be able to overcome periods with low irradiation and to possibly reduce the size of the PV module array 
additional generation sources like wind turbines and diesel gensets or partially available public grid can 
be used to recharge the battery. Typically several MPP tracking DC charge controllers control the overall 
module array and charge the battery. The efficiency of MPP trackers plays a crucial role in such systems.  
In case of low battery the inverter is able to either start a genset to recharge the battery and to supply 
the load or to connect to a partially available grid automatically. This efficient concept allows to supply 
loads in a very important power range 24/7. The decisive advantage of this topology is high efficiency in 
combination with a very simple and easy to use layout. DC components are typically cheaper than AC 
components. This leads to the fact that such a system can be installed at quite high power output with 
very low costs. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 3. Typical DC Hybrid System 
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1.4. AC-coupled Hybrid Systems 
Above 20kW output power 3 phase AC systems shall be used. The heart of such systems is the inverter 
dominated 3 phase AC grid. Per phase one or more inverters built the grid. The load is supplied directly 
from this grid. Due to energy efficiency it is possible to use 3 phase grid connected PV inverters to feed 
directly to this inverter dominated grid. Loads can then be supplied directly from the available PV power. 
Part of the overall module array should be connected directly to the battery with the help of high 
efficiency MPPT charge controllers to ensure professional battery care and to increase the overall system 
performance and efficiency for load supply during the night. In case of full battery and no load while all 
grid-tied inverters feed the grid with full power the bidirectional battery inverters might have to reduce 
the output power of the grid-tied inverters with the help of an increase of the frequency (droop-mode). In 
case the battery is low the inverters can automatically initiate the startup of an additional genset to ensure 
the supply of the loads. While the genset is running the batteries are charged through the bidirectional 
battery inverters while the load is supplied directly. This automatic energy control allows to supply high 
load without interrupt 24/7. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 4. Typical AC Hybrid System 
 
2. Performance of DC-DC MPP trackers 2 
Maximum Power Point Tracking (MPPT) charge controllers have recently become increasingly 
popular not only for off-grid PV applications.  
MPPT Charge Controllers not only promise to increase the energy yield of the PV generator, they 
also allow to use low cost standard PV modules designed for grid-connected applications (between 40-70 
cells) which normally could not be used due to their high MPP voltage. Therefore DC-DC converters 
(typically step-down converters) are used to match the output voltage of the PV generator to the battery 
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voltage. Those products commonly use MPPT-algorithm to track the maximum power point (MPP) of the 
PV generator. According to recent market surveys, about 30 to 50 MW of MPPT Charge Controllers are 
installed per year. 9 available products have been tested to check the performance in a market 
representative way. 
 
2.1. Self consumption 
The result of the measurement of the self consumption was compared to the given values in the data 
sheet of the manufacturer. Figure 5 shows the result of this comparison. 
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Figure 5 : Comparison of Nighttime consumption in W (Y-axis) of 9 different MPPT Charge Controllers (x-axis) 
 A huge difference among the test candidates can be seen in figure 5. Some samples show not only 
extremely high self consumption, but also perform in reality completely different than indicated by the 
manufacturer. An additional consumption of 12 W means 288 Wh/d. At locations of 4 kWh/(m²*d) this is 
an additional 80Wp solar module and 48 V@15 Ah battery more only to cover the additional 
consumption. This results in significantly higher costs for the user and shows that cheap products can 
make the system more expensive. 
 
2.2. DC-DC conversion efficiency 
Similar to grid connected inverters, the DC-DC conversion efficiency is one of the most relevant 
performance parameters of MPPT charge controllers. Today, manufacturers typically only show the 
maximum (peak) efficiency in their datasheets which however does not reflect the real operating 
conditions in field. In practice the actual battery voltage, actual input voltage, temperature and the power 
output of the device influences the DC-DC converting efficiency. 
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For each test candidate the efficiency has been measured for 5%, 10%, 20%, 30%, 50% and 100% of 
the nominal output power. All battery voltages (12V/24V/48V) and for each battery voltage for all input 
voltages (30V/60V/90V/120V/250V) have been measured. The European weighted efficiency shall be 
calculated for each of those 15 measurements. 
Figure 6 shows the full picture of the efficiency surface depending on the MPP input voltage 
(30 V/60 V/90 V) and the battery output voltage (12 V/24 V/48 V) can be seen. Each single measurement 
point is the EU-weighted efficiency. 
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Figure 6: Weighted DC/DC conversion efficiency characteristics in dependency of the MPP and battery voltage. 
 
The test candidate from figure 6 shows an equally weighted DC-DC conversion efficiency of 93,6%. 
If a configuration of 90 V module input and 12 V battery voltage is chosen, the device is operating at DC-
DC converting efficiency of 91%. This is significantly below the given value of about 98% in the data 
sheet. 
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Figure 7 : DC-DC efficiency in % (y-axis) of 9 test candidates (x-axis). Comparison between measurement and datasheet 
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 Customers should have a close look to the exact input-output voltage relation in the real system and 
select the MPP charge controller carefully according to the DC-DC converting efficiency. Manufacturers 
shall provide the converting efficiency in detail as given in figure 6. The test result (see figure 7) shows 
clearly there is a significant difference of the true DC-DC converting efficiency in field application in 
comparison to the given values of the datasheet. Some products show inacceptable low efficiency. 
 
 
   
 
2.3. Static and Dynamic MPPT accuracy 
During sunny days the static MPPT performance is an important factor while during changing 
irradiance conditions, the dynamic MPPT performance is a crucial value. It provides information on the 
accuracy of the MPPT algorithm to adapt to changing irradiation conditions. This has been measured 
according to EN 50530 (Annex B) 1 for all test candidates. Again the algorithm has been tested for all 
combinations of input and output voltages while the input power was ramped up and down from 0% to 
100% with different speed ramp gradients from 0.1–100 W/(m²*sec) in case of dynamic MPPT. 
An example of the results of a dynamic MPP tracking behaviour can be seen in figure 8. The unit has 
very low performance of about 90% while critically low values of 85%, 80% and 66% can be seen as 
well. Such a behaviour leads to a significantly lower energy yield under slowly as well as rapidly 
changing conditions. State-of-the-art MPPT algorithm of typical grid connected PV inverters reach 
dynamic MPPT efficiencies of more than 99%. 
 
 
Figure 8 : Example of dynamic MPPT performance – EN 50530. 
 
The dynamic MPPT efficiency was measured according to DIN EN 50530 and provides information 
about the ability of the MPP tracking algorithm to adapt to slow or fast changing irradiation conditions. 
As all off-grid systems are designed to supply the load also during bad weather and winter seasons the 
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dynamic MPPT efficiency is of crucial importance. Low efficiency means to loose especially during 
cloudy days further energy. Figure 9 shows the comparison between the static and dynamic efficiency of 
the test candidates. 
 The performance of some samples is extremely low. In combination with a low static MPPT 
efficiency and a low DC-DC converting efficiency such controllers will bring less energy to the battery 
than switching shunt-type of series controllers. 
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Figure 9: Dynamic and static MPPT efficiency of 9 test candidates 
 
2.4. Efficiency Calculation 
To be able to compare the realistic field efficiency of MPPT charge controllers a new efficiency 
performance factor called Realistic Equally Weigthed efficiency - REW is defined to: 
 
 ηREW   =  ηDC-DC ∙ ηmpp_stat ∙ ηmpp_dyn (1) 
 
Formula 1 : Definition of REW. 
with 
ηDC-DC Equally weighted DC-DC converting efficiency over all possible input and output voltages 
according to the European weighted efficiency (see figure 7) 
ηmpp_stat and ηmpp_dyn  The static and dynamic mpp tracking efficiency according to EN 50530 while all 
measured values for different irradiation conditions are equally weighted (see figure 9) 
 
The given example shows an REW-efficiency of  
ηREW  =  ηDC-DC ∙ ηmpp_stat ∙ ηmpp_dyn   
 = 93,56 ∙ 98,97 ∙ 85,45 = 79,12%  
 
 Figure 10 shows the calculation of the REW for all 9 test candidates. The outcome of this test shows 
clearly there is a significant difference between good MPPT charge controllers and low performing 
products. Even the best available products perform below ηREW < 93%. All well known brands are part of 
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the test and the outcome shows clearly it is not a guaranty to buy a brand product to finally use a good 
performing charge controller. 5 out of 9 products show acceptable performance and can be used in off-
grid systems. Some of the test candidates reach less than 85% and will bring less energy to the battery as 
standard switching controllers. 
 Apart from that result all samples showed a weak performance in static and especially dynamic MPP 
tracking algorithm. Combined with DC-DC converting efficiency significantly below the manufacturer’s 
value non of the mentioned products will be able to reach the “marketing gag” of “30%” plus energy as 
claimed by some manufacturers. 
 
 
Graph 10 : REW efficiency in % of all test candidates 
3. SUMMARY 
 
  
3.1. Manufacturer recommendation 
Manufacturers shall provide more information with the datasheet. Apart from that the given values 
must be correct and reproducible.  
Especially the DC-DC converting efficiency shall be given as a whole surface depending on all 
possible input to output voltage relations. As an alternative the newly defined REW efficiency can be 
used to provide a realistic figure of the converting efficiency. All DC-DC converting efficiencies shall not 
be given as peak values, but European weighted values. 
The derating performance shall be mentioned clearly. 
Manufacturers should provide information on the static and dynamic MPPT algorithm according to 
DIN EN50530. 
By designing a product manufacturers shall leave enough room to easily connect cables to the charge 
controllers. 
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3.2. System design 
 MPPT charge controllers offer a wide input voltage range and allow to use solar modules with more 
than 36/72cells similar to grid connected inverters. According to the system properties it is recommended 
to design the solar module array in a similar way.  
 The maximum open circuit voltage of the module string is a critical design criterion and must always 
be below the manufacturer’s value given in the datasheet. This must be kept for the minimum 
temperature. The lower the ambient temperature the higher the modules open circuit voltage. According 
to the module datasheet and the minimum temperature the maximum possible open circuit voltage must 
be calculated and must fit to the MPPT charge controller datasheet. 
 The maximum Watt peak rating of the used module strings can exceed the nominal continuous power 
of the MPPT charge controller by about 15% which is a similar rule in grid connected systems and 
reflects the fact that the output power of solar modules is temperature dependent and reduces by rising 
ambient temperature. 
 
3.3. Hybrid Systems 
Rural off-grid PV installations can be done with MPPT charge controllers in a very efficient way for 
system sizes up to 50kWp. Depending on the system size and the load demand the correct system 
topology has to be selected in order to reach a high efficiency and a least cost operation for sustainable 
systems. Therefore it is recommended to install systems up to 500W as pure 12V DC systems. It is 
important also to use DC appliances in order to reach the highest possible efficiency. Systems between 
0,5kW and 4kW shall be installed as standalone inverter systems with single inverters which can be 
installed in parallel to reduce the logistic costs. MPP charge controllers charge the 24V battery in such 
systems. PV Hybrid Systems have 48V battery and can be used with high efficiency DC coupling of 
MPPT charge controllers with bidirectional battery inverters in a power range from 4kW up to about 
20kW. Several inverters might be installed in parallel. AC coupled hybrid Systems can cover the output 
power range from 20kW up to 50kW while grid-tied inverters feed the inverter dominated grid. Still part 
of the module array is charging the battery directly at the DC side with the help of MPPT charge 
controllers to increase the overall system efficiency for night load supply. 
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